The role of calcium in plants has been the subject of research for many years. Calcium has been postulated to cover a wide variety of functions which have major and minor influences on the plant's metabolism. Calcium interaction with pectin has been postulated as a major source of cell wall stability, however, no direct measurements of this interaction have been made. In this study, a sequential extraction method has been utilized to fractionate the various forms of calcium present in cured Bright and Burley tobacco. The extraction method uses water, potassium chloride, lanthanum chloride and hydrochloric acid with emphasis on the lanthanum chloride extraction which appears to preferentially replace the structural calcium. Extraction data in conjunction with light microscopy (LM) and transmission electron microscopy (TEM) data have been used to predict the role of structural calcium in the cell wall. Oxalate and calcium analyses have been made at each of the extraction steps for Bright tobacco. It is shown that the major portion of calcium extracted is not associated with oxalate except for the hydrochloric acid step. The data show that approximately 20% of the calcium is structurally related and that calcium oxalate utilizes a maximum of another 20% of the total calcium. The remaining 60% is non-structural and nonoxalate and is probably inorganic Salts and salts of organic acids. 
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INTRODUCTION
The investigation of the role of calcium in plants has been the subject of research for many years. The postulated roles of calcium cover a variety of functions which have major and minor influences on the plant's metabolism (1, 3, 4, 5, 6, 9, 10, 15, 16) . It is generally agreed that calcium is necessary for the survival of the plant (16) . Theories have been advanced on the interaction of calcium with pectin, indicating a major function of calcium in cell wall stability (15, 16) . Other researchers have postulated that calcium serves mainly to precipitate oxalic acid and that the majority of the calcium is present for this purpose (6) . A variety of sequential extraction schemes have been used to fractionate the various forms of calcium and, based on solubility, used to predict its function in the plant (1, 2, 3, 4, 5, 6, 8, 10, 11, 14) . It is generally agreed that calcium exists in at least· two functional forms: [I] structural and [2] non-structural. Structural calcium is associated with the primary and secondary cell walls as well as the middle lamella. Nonstructural calcium is believed to be associated with:
(a] membrane function, {b] enzyme systems and (c] chromosome stability (16) . Structural and non-structural calcium make up 1.5% to 3.5% of the total dry weight of the tobacco leaf depending on the variety as well as the stalk position of the leaf within that variety (16) . One of the structural forms of calcium found in the leaf is associated with pectin in the middle lamella. Rasmussen (15) has suggested that calcium is the binding agent between the pectin and the cell walls. He stated that "microscopic examination of torn leaves revealed that a weak leaf separated between cells whereas a strong leaf tore through cells". He showed that 10 f.U11 thick sections of the weak leaves contained the same amount of pectin as strong leaves but less calcium, which suggested that calcium played an important role in the ability of pectin to bind the cells together. Extraction procedures employing a variety of solvents have been used to study the different forms of calcium in the plant cell. Several assumptions have been made: [1) that water extraction removes the loosely bound ("soluble") calcium, [2] that acetic acid removes pectinassociated calcium and [3] that hydrochloric acid removes oxalate-bound calcium (1, 3, 4, 5, 6). Ferguson et al. (2) have shown that because of the varying solubilities of the different forms of calcium, one cannot assume that only one form of calcium is extracted with any one specific solvent. It is probable that the waterextracted calcium contains non-structural calcium as well as some structural calcium from the cell wall, in the form of calcium pectate and/or calcium oxalate. This H 2 0 extract contains organic acids and buffers between a pH of 4.5 to 5.5 depending on the variety of tobacco (B) . In this study, a sequential extraction method has been used tO fractionate the various forms of calcium and, in conjunction with light microscopy (LM) and transmission electron microscopy (TEM), has been used to predict the role of the structural calcium in the cell. Tobacco shreds were sequentially extracted with water, potassium chloride, lanthanum chloride and hydrochloric acid. We substituted lanthanum chloride for acetic acid in this study since it is known to replace calcium in biological Structures (1 1). It is also electron dense and can be visualized using transmission electron microscopy and X-ray mapping. Data have been acquired on both cured Bright and Burley tobacco shreds. Quantitative measurements of the amounts of calcium soluble in each of the various solvents allow for the estimation of the total structural and non-structural calcium present. Oxalate analyses were also made and correlated with the appropriate calcium fractions.
MATERIALS AND METHODS

Extraction
Flue-cured Bright and air-cured Burley field-grown tobacco shreds, in 1 X 4 mm lengths, were sequentially extracted at room temperature by the following procedures:
1. 1 gram of tobacco was stirred in 1 liter of water for 20 minutes and filtered through a 110 jllil polyethylene screen. A sample of tobacco shred was air dried for transmission electron microscopy. The filtrate was analyzed for calcium by atomic absorption. 2. The remainder of the wet tobacco was stirred in lliter of 0.4% KC! for 20 minutes and filtered as above. A sample of tobacco shred was air dried and taken for transmission electron microscopy and the filtrate was analyzed for calcium by atomic absorption. 3. The remainder of the tobacco was stirred in 1 !iter of OA% LaCI 3 for 25 minutes and filtered as above. A sample of tobacco shred was air dried and taken for transmission electron microscopy and the filtrate was analyzed for calcium by atomic absorption. 4. The remainder of the tobacco was stirred in 1 !iter of 2% HCl for 25 minutes and filtered as above. A sample of tobacco shred was air dried and taken for transmission electron microscopy and the filtrate was analyzed for calcium using atomic absorption.
Sample preparation for light microscopy and transmission electron microscopy was as follows:
Fixation: Samples were prepared by double fixation with glutaraldehyde and osmium tetroxide. The samples were first fixed in 2% glutaraldehyde in 0.1 M Millonig's buffer (MB) (12) for 18 hours, rinsed 3 times with 0.1 M MB followed by the second fixation of 1% osmium tetroxide in 0.1 M MB for 2 hours. The samples were again rinsed 3 times with 0.1 M MB.
Dehydration: Dehydration was carried out through a graded series of ethanol -50%, 70%, 85%, 95% (three times), 100% (three times), followed by two acetone rinses. No accelerator was used in any of the above steps. The next morning the samples were infiltrated with 100% Spurr with accelerator for 4 hours. The samples were on a shaker during the infiltration procedure.
Embedding: The infiltrated samples were flat-embedded in firm grade Spurr. The shreds were oriented for cross-sectional sectioning.
Sectioning and StAining: 2 11m thick sections were cut for light microscopy and -75 nm thick sections were cut for transmission electron microscopy. One percent toluidine blue mixed with an equal volume of 2.5% Na 2 CO} was filtered and used to stain the 2 f.Ull thick sections for light microscopy. Six percent aqueous uranyl acetate and 2% lead citrate were used to stain the thin sections for transmission electron microscopy.
Oxalate Analysis
Oxalate analysis was performed on tobacco following each extraction step. Tobacco was exuacted with sulfuric acid in absolute methanol which simultaneously methylated the oxalate. The methyl ester was extracted into chloroform and analyzed-by gas chromatography. This procedure follows the method of HaNJey, Hale and Ikeda (7) .
Atomic Absorption
Atomic absorption analysis was performed on a Perkin· Elmer Model 403 atomic absorption spectrophotometer. lnsuument conditions consisted of a calcium hol· low cathode lamp, air-acetylene flame, and a monochromator setting of 422.7 nm. Absorption data for the sample solutions were compared to standard curves, determined from measurements made on known solutions of calcium prepared in the same matrix as the sample, in order to determine the concentrations of calcium present.
RESULTS AND DISCUSSION
The ultrastructure of unextracted cured tobacco shreds is shown in Figure 1 . The epidermal cells had a geomet- • Mesoph~il cdls iodude both spongy ud pilis3-c!~ cdh.
(!): 8\ortey, Samples extracted with water~ potassium chloride and lanthanum chloride. The epidermal (E) and mesophyll (M) cells collapsed. The percentage of the total calciurn removed in this step was 20% for S(.ghr and 23% for Bur!ey. Note the partial separation of cell walls at arrow and the apparent · of the cellulose in the cell walls. There was no significant calcium remaining in the extracted residue.
ric open form with well-defined primary cell walls and an intact middle lamella. The tobacco structure after water extraction is shown in Figure 2 . The mesophyll was partially collapsed in both tobacco types, but the epidermal cell walls maintained their open form and structural integrity. The adjacent primary cell walls were closely attached, indicating very little loss of calcium from pectin in the middle lamella. The percentages of total calcium removed from Bright and Burley tobacco shreds after water extraction were 43% and 47%, respectively, as shown in Table 1 . In Bright tobacco, 47% of the dry weight was lost which includes reducing sugars, organic acids, and soluble inorganics. The partial. c~llapse of. ~e ~esophyll cell walls may be the result of a :combined effect of the above events. Sequential extraction with water shows that a specific amount·of calcium is removed during the first extraction and that no more is removed with subsequent extraction.
In the water and potassium chloride -extracted shreds ( Figure 3 ) the mesophyll cells exhibited a variable degree of collapse. The epidermal cells of Bright tobacco still maintained an open form. However, the Burley tobacco showed bending of the epidermal cell walls with apparent loss of its structural integrity. The vascular areas in both tobacco types demonstrated an open geometric framework. The ultrastructure of the primary cell walls and the middle lamella were nearly identical to the water-extracted sample. The percentages of total calcium removed after the KCl extraction for Bright and Burley were 30% and 21% respectively with only 3% additional weight loss in Bright tobacco.
In the water, potassium chloride and lanthanum chloride-extracted shreds (Figure 4 ), both the mesophyll and the epidermal cells were collapsed. There was also separation of the primary cell walls at the middle lamella. This suggested that Ca2+ was removed from the calcium pectate by the lanthanum which preferentially replaces Ca 2 + (11). Since all of the water-soluble Ca2+ had been removed by the two previous extraction steps the calcium removed by the lanthanum chloride was assumed to be structural calcium. Cell wall separation at this step would be expected to occur as illustrated in Figure 4 . Lanthanum is a heavy metal and is electron dense which makes it a useful marker for transmission electron microscopy. The electron dense material within the cell walls was identified as containing lanthanum by an X-ray map of lanthanum which is shown in Figure 5 . Lanthanum is believed to have replaced the calcium in the primary cell wall, secondary cell wall and in the middle lamella. The percentages of total calcium removed from the Bright and Burley shreds after LaC1 3 extraction were 20% and 23% respectively of the total calcium with only another 1.5% weight loss in Bright tobacco.
The final extraction of the tobacco shreds with 2% HCl caused a total deterioration of the epidermal and mesophyll cells as shown in Figure 6 . The cell walls appeared to have lost all structural integrity. The cellulose fibers in the primary cell walls appeared to have separated in some areas. Portions of the middle lamella also showed signs of deterioration. In some areas the structurally oriented middle lamella had separated into a random fibrous mesh. Seven percent and nine percent of the total calcium were extracted from the Bright and Burley respectively, with an additional weight loss of 7.5% in Bright tobacco. HCl extraction dissolved the calcium oxalate and also extracted much of the lanthanum. It would be difficult to say that the total collapse of the cellular architecture was because of calcium removed by HCl since the effect of 2% HCl is not limited to calcium extraction alone.
Ferguson et al. (2) observed that the nature of the plant material and the imprecise nature of many forms of calcium with their varying solubilities precluded the separation of specific forms of calcium by a single solvent. They showed that HCl was a very good solvent for calcium oxalate and that for some plant material prior extraction with water, salt solutions, and acetic acid did not dissolve any calcium oxalate. For other plant material water removed a significant portion of the total calcium oxalate present. Flgure6. Samples extracted with water, potassium chloride, lanthanum ehiOfide and hydrochloric acid. The epidermal (E) and mesophyU { M) cells 't.<ere totally collapsed with a complete lOSS of cellular structure. The ceUuklse and middle lamella were loosely organized. Most of the lanthanum was removed leaving behind a few scattered electron dense areas. The perceotage of total calcium removed in this step was 2% for Bright and 9% for Burley.
and lanthanum chloride each extract oxalate and calcium. However, for the HCI extraction the amounts of oxalate and calcium are stoichiometrically equivalent and thus it may be assumed that only calcium oxalate is extracted in this step. These data support Ferguson's observation on Ca solubility; however, the microscopy data strongly support the fact that the calcium associated with pectin is removed during the lanthanum chloride extraction. Studies of uronic acid residues are in progress to support these observations. These data show that approximately 20% of the calcium in Bright and Burley tobacco is structurally related (cross-linked to pectin) and that calcium oxalate utilizes another 20% of the total calcium, The remaining 60% is non-structural and non-oxalate and is probably inorganic salts and salts of organic acids. If we assume that all of the oxalate present in tobacco is calcium oxalate, then its solubility is not solvent specific as suggested by Ferguson (2) . Water-soluble organic acids probably play a large role in rendering some of the calcium oxalate water soluble. These data also show that by coupling sequential solvent extraction procedures with light mjcroscopy and transmission electron microscopy techniques, we can obtain information relating to the distribution of calcium species. Either technique used independently could not provide the quantitative information obtained from the combined use of both. It is also shown that the extraction sequence, while not specific for calcium alone, is selective for the removal of structural calcium. These data on extracted leaf help to provide a greater understanding of the role calcium plays in the structural support of the tobacco cell wall. The techniques used in this study are applicable to the investigation of other plant types and may be useful in furthering the general knowledge of the role of calcium in plant materials.
